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 Being a renormalizable theory the SM can be subject to very stringent tests

- EWPO agrees with direct observations
* It is unlikely the SM is the final theory!
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» strong and weak processes
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SM shortcomings



- Number of parameters:
« EW gauge sector: g, g’
 QCD: g, 0
« SSB sector: AL,V

« Fermion masses: 9 X My

« CKM: 912 . 913 . 923 . 0

e Jotal: 19 independent parameters

» For massive neutrinos add 3+4 (Dirac) ou 3+6 (Majorana)!

* There are too many parameters to be a final theory!



» Large range of the SM particle masses!

. . n, _5
_ There is no explanation for — ~ 3 X 10
4

» |t gets worse considering the neutrinos!

* In the SM translate to a wide range of Yukawa couplings

Y Lyes,

>
Q,
0
%)
©
=




» [t’s hard to understand a light scalar also known as the hierarchy problem:

m, = 125.11 GeV < Mp,,.4 = 1/1/Gy ~ 1.2 x 10"° GeV
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e
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-Why the Higgs mass is not close to the large mass scale A?

. quantum corrections to the Higgs mass Am}% X

*There is no symmetry protecting the scalar (Higgs) mass in the SM.



+ We know force unifications: electricity and magnetism; weak and electromagnetic forces

* The couplings constants to not unify in the SM
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e Conditions to generate the matter-antimatter asymmetry:

1. Departure from thermal equilibrium
2. Baryon number violation
3. CP violation
* |n the case of the SM:
1. EW phase transition is a smooth cross over
2. Baryon number violation is achieved via sphelarons

3. CP violation is not enough ,

oS G4 GMY must have 8 < 10710

. The SM has an additional problem with CP: 6 5
322
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e Given a SM shortcoming that you want to solve:

. Choose the spacetime geometry!
Choose the local gauge symmetry
Choose the matter content and its representation(s)

Choose the symmetry breaking sector (perturbative/non-perturbative)

I R

Verify whether theoretical and experimental constraints are satisfies; if not go back to 1.

* There is a wide range of theories beyond the standard model (BSM)!
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A FEW EXAMPLES



» |et’s start with the hierarchy problem.

e Coleman-Mandula theorem: spacetime and internal symmetries combined in a trivial way!

 Exceptions: conformal symmetry and supersymmetry (SUSY)

. SUSY uses anticommuting generators! {0, 0} =0, {0, 07} = P.c", [P, Q] =0

« Why? Scalar loops can cancel the effects of a fermion loop
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SUSY particles (MSSM model)
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Existing particles SUSY particles (MSSM model)
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with SUSY

GUT point
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EW symmetry breaking sector needs 2 doublets v ()()()

®
P
=
@
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MSSM contains explicit SUSY breaking terms (hidden sector)

large number of parameters (178) = constraints + different scenarios

sparticle spectrum is a characteristic of the model
R-parity conservation: R = (—1)>8-1)+25

—> the lightest SUSY particle (LSP) is stable

—> decay of SUSY particles terminates in the LSP
—> SUSY particles are pair produced

—> LSP Is candidate to dark matter
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Composite Higgs models: the Higgs is a bound state

In QCD: (7, q) = Adcpdy = SUR), @ SUR)z — SU(2),, breaks EW symmetry

Technicolor models “imitate” QCD but the idea does not work!

The hierarchy problem disappear is not sensitive to masses above the composites scale A

The Higgs is a pseudo-Nambu-Goldstone boson (pNGB) [Georgi-Kaplan 80’s]
Strongly interacting theory has a global symmetry G broken to H at scale A

Key element: the symmetry G is only approximate =— pNGB
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« Composite Higgs models: Higgs is a pNGB

Strong dynamics Sufficiently large
global symmetry (&

New fermions (and scalars, if SUSY) (SU3)e x SU2), x U(l)y C G)

scale

namically generated
| st > G

Set of resonances

I Mass gap: Higgs as a pNGB

e In the modern version SU(2);, @ U(l)y, C Z

19



« Composite Higgs models: there are many possibilities

G H Ne NGBs rep.[H] = rep.[SU(2) x SU(2)]
SO(5) SO(4) 4 = (2,2) minimal model
SO(6) SO(5) 5 5 = (1, 1) +(2,2)
SO(6) SO(4) x SO(2) 8 4.2+4 2=2x(2,2)
SO(7) SO(6) 6 6=2x(1,1)+ (2,2)
SO(7) Ga 7 7=(1,3)+(2,2)
SO(7) SO(5) x SO(2) 10 100 = (3,1) +(1,3) + (2, 2)
SO(7) [SO(3)]° 12 (2,2,3) =3 % (2,2)
Sp(6) Sp(4) x SU(2) 8 (4,2)=2x(2,2),(2,2)+2x(2,1)
SU(5) SU(4) x U(1) 8

4 54+4.5=2x%(2,2)
SU(5) SO(5) 14 14 =(3,3) +(2,2) + (1,1)

« SM interactions explicitly break G generating a potential V(H)

 Many details to be worked out: symmetry breaking, fermions, etc

. Signatures: Higgs couplings (g,yy = ghVV \/1 — v?/f%) : new fermions, ...



» Extra dimensions (D = 4 + d) also address the hierarchy problem

« Warm-up: massless scalar in d = 1 and the extra dimension is a circle of radius R

5 = ded“x — [( P)° — (6540)2]

62q0 02 sp =0
+00 |
P(x,y) = D, 900 e with @™ =
V2R 27

4D effective theory is a
(n) ‘2 Kaluza-Klein (KK) tower of

.
S = Jd“x Z @ﬂ(p(””d”ga(”) K

n>0 R2 particles of mass n/R !
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« Warm-up: gauge field in d = 1 and the extra dimension is a circle of radius R

o Start with the Fourier decomposition

1

1 +00 |
2: A(n)()C) emy/R
\V27R | —_ -

. After a gauge transformation: A/fl”) — A/E”) lEaﬂAs(n) and AS(”) — 0 for n>0

AM(xa y) —

2

| 1 n
_ 4 O (0)\2 (0) 2 I A G ) (n) = A (=n) A (n)
Sgauge_de y (F))* + ( )* + Z Fﬂ B+ 57 ATVAS

n>1
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« Warm-up: gauge field in d = 1 and the extra dimension is a circle of radius R

N
|

sange = 7 Jd“x dy FynF" with M,N=0,1,2,3,5

. After a gauge transformation: A/E”) — A/g”) ZEdﬂAS(”) and AS(”) — 0 for n>0

P

| 1 n
— 4. | —— (02 (0)y2 R A ) (n) A (n)p(n)
Sgauge—de 4(F )- + (aA )- + E Fﬂ F, +2R A VA,

n>1

4D effective theory: 1 massless vector, 1 massless scalar and KK tower of vectors of mass n/R |
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Large extra dimensions: only gravity propagates in the extra dimensions

Fundamental higher scale is M,

The effective 4D theory contains one massless graviton and its KK massive tower

The Planck mass (Mp; ) is given by MI%L = M=% V where Vis d volume

This allow to lower the high scale, in the case, M,

For extra dimensions of radius R: MI%L = M4 RY

2

L Mp \"
. M, of the TeV order: R = — .e. R <
M. \ M,

10%_17 cm
TeV

To evade constraints: d > 3
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Universal extra dimensions (UED): all SM particles propagate in the extra dimension

To have 4D chiral fermions: $,/Z, compactification identifying points

n2

2 — 42
At tree level m,;; = my + 2

There is a KK parity: (—1)"

n = 1 UED “looks like” SUSY!
Lightest KK particle (PKP) is stable

Pair production

PESEY

mmm quarks
= 10% < BR < 100% leptons

ce-p--- 1% < BR < 10% msm scalar bosons
25 > 0.06% < BR < 1% mmm gauge bosons




Warped extra dimension: metric is honfactorizable

R .
Randall-Sundrum ds? = a(z)? (1,,dx"'dx" — dz) witha(z) = —and R < z < KR’
<

P
For a 5D complex scalar field: S5 = [d4x[ dz \/g [gMN8M¢*6Nqb —m?| ¢ |2]
R
. 1 2 3 2 R 2
Again, ¢(x,7) = — 2 P (x) f(z) where 0, ——0d,+m; — | —m () =0
VR 4 : :

f(z) = z° [AnJa(mnz) + B Y a(mnz)] with a =4 + m*R*
the masses m,, are determined by boundary conditions (Dirichlet or Neumann)
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Warped extra dimension: metric is nonfactorizable

How this solve the hierarchy problem?

Zero KK of the graviton:

R, R 3 M3 R/2
S=M$J dz | — Jd“x,ﬁR =—R |1- [d“x,ﬁR
. ( 7 ) 84134 ) R 8413y
, M R* ) |
Thus we have My, = R|\1—— | >M; forR=—
2 R? 78

Well, does this solve the problem? Yes! If you localize the Higgs in the TeV brane!

R
We can show that v ~ My Y < Mpp

27



e (Generic extra dimension model construction:

. Choose the geometry

Choose the internal symmetry

Choose where the fields propagate
Obtain the KK decomposition of the fields and spectrum

Integrate out the extra dimensions to get the 4D effective action

o oA W N

Contrast with data and theoretical constraints; if the model fails go back to 1

28



Leptoquarks couple to lepton-quark pairs

Motivation: explain anomalies in flavor physics

RW=—"" """ With# =e,pu

R(D)qy; = 0.290 £ 0.003 while R(D),,, = 0.339 £ 0.026 [1.870]

avg

R(D*)qyy = 0.248 £ 0.001 while R(D*),,, = 0.285 + 0.011 [3.350]

avg

The interactions are described by renormalizable lagrangians

7k pag: 2\aby j.b R ~Ck,j L ACkas; 2\abi= Q \bcrJ,
L = =y, dpR5(ic°)L7 — X g Z\Y — x5 O “(io")(0 - S3)"° Ly + ...

Anomalies can be accommodated as well as neutrino masses

29



EFFECTIVE FIELD
THEORY




UV Model

- We can parametrize low-energy BSM effects using an effective field theory (EFT) mass gap

- Hypothesis: there is a mass between the EW (v) and BSM (A) energy scales

- Example: the Fermi four-fermion interaction

e EFT is a consistent QFT
e Powerful calculation tool

« BSM: EFT allow us to perform model independent studies! For instance: Fermi interaction!

31



UV Model

mass gap

» To construct a low-energy EFT we need to know:

1. The low-energy particle content

2. Symmetries and their transformation properties

3. EXxpansion parameter

» Let’s construct the SM effective field theory (SMEFT)
. Particle content: just the SM particles (Q; , q; , L; , €», Uy B, . W;} , ()

- Symmetry: SU(2); @ U(1)y
- Assuming that the Higgs belongs to a doublet = symmetry is linearly realized M’ = GM

- Mass scale (/) of the UV physics

32



- SMEFT expansion in powers of A

N @](.k) has mass dimension j

~/

. At dimension five: ¢, L*® L"® where ¢, is a3 X 3 matrix in flavor space = m,

* Important fact: operators related by the EOM have the same S matrix elements

(0,82 ~ 1 (DD, @)2 + 3" e (@D, ) i p+ S ey (57 ) @y )
Y Y,

33



- SMEFT expansion in powers of A

e Important fact: operators related by the EOM have the same S matrix elements

(auBW)Q — cl(cIﬂLEL@)Q T Z Cw(q)TDHuq)) @ZVMZD + Z Cw,w(%“w(@’v%’)
(2

Y, 1’

e |n actual calculations we need a minimal number of independent operators, I1.e. a basis!
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* At dimension six, there are 59 structures not taking flavor into account

* A popular basis is the Warsaw basis [Grzadkowski et al. arXiv:1008.4884]

X? ¢® and ¢*D? Rl (LL)(LL) (RR)(RR) (LL)(RR)
Qo | fAECGavGEeGer | q, (6hp)? Qo | (P10 (ere) Qu | )@ ) | Qe | EmedEnre) | Qo | Gd)Eare)

& | FABCGAGErGSHE | Qun (pTe)O(pTp) Que (010) (Gpurp) 2% | @ua)(@'a) || Quu | (Tpyeue)(@sy u) Qu (Lpyule ) (sy"ue)
Qw | e WIWIPW IR || Qup (¢'D*0)" (¢'DLp) || Qay (©10)(qpdr ) Qi | @) (@ q) | Qua (dpyudy)(dsy¥dy) Qua (Lvule ) (dsy )
Qw | KWW Wk Qy | Gd)@r'e) | Qe | (@er)@u) || Qe | (@1uar)(Erter)

X202 X0 oD Q| Gur't)@r'a) | Qu | Eme)dotd) | Qu | (@) (@)
Qe | ¢'0GAG™ | Quv | (ome oWl | QW | (41D, )0 ) Qut | (Epu)dird) ] ij (@ ar) (" T ")
_ o Qua | (@I u ) (dy*Tdy) || Qg (@pYuqr)(dsy*dy)
ngé ‘:0 2 GA GAnv QeB (lpawer)@B;w Qg(ogl) (SOTZD ;f ©) (lpTI’Yulr) Q(B) (G, T"q )(J ~PTAd,)
Qo | ¢eWLW™ | Quo | @ T u)FGh | Qe | (PiDi@)Er*e) | [Tom = P —
Qw7 e WLWI | Quw | (Go™u,)TIEW], 0 | (#'D, ) (@) e L — atmgf T ok

oW a P o g P Qledg ( )( ) Qdug 503' [(da) CU?] [(QQJ)ICJH
Qs | ¢'@BuB” | Qus | @o"u)PBu | Qu | @iDIOGT YN | |00 | (@uen@d) | Qu e*e s [(g59)7Cqf¥] [(u7)" Cel
Qe | ¢9BuB™ | Qo | @™ Td)e G, | Qe | (P'iDue)@'ur) | | QO | (@T%,)e(@ T d)) | QL e juemn [(57)7Ca*] [(@m) O]

Qows | PTeWLB™ | Quv | (@0™d)r oW, | Qui | (¢'iD,)(d d,) Qi | (Ber)ein(@iw) @® (71 €)1 (1) mn [(¢2)TCqP¥] [(g7™)TCLY]
Al WLB* | Qup | (30™d)¢Bu | Quua | (&' Dup)(@yy*d,) Q). | Gowe)ein(@o™ w) | Quu e [(dg)"Cufl] [(ul)" Ce,]




At dimensio
Taking flavor
Without any
The number

Using Hilbert

10000000000
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279517357%1

1000000000

100000000 ° 75577476

10000000
4614554 —=9 5474170

1000000

261485 - §é57378

100000

No. of independent ops

~ +——— | orentz structures

[Henning, Lu, Melia, Murayama arXiv:1512.03433]

9 10 11 12 13 14 15

Mass dimension
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* Linear realization of the symmetry leads to correlations:

Opw = ®'B, WHd | Opy =dTW, W |

Opp = ®'B,,B"® | Oy = 10" (070)0, (070)

o v o[22 2 i

Owww X
Ow

X[ x| [ x
S T x [ Tx

\
\
\
\
\
\
\

)(1) )

relacionados pela invariancia de gauge
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Despite its successes, the SM is not the final theory

The SM does not answer all our questions!

There is no smoking gun of New Physics = there is a vast model territory to be explored

We have good reasons to keep looking for clues and possibilities.
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